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Abstract 

The baryon decay modes of B, B — > N1N2H), ^l-^Cf) provide a 
frame work to test CP-invariance in baryon sector. It is shown that in 
the rest frame of B, N\ and N2 come out with longitudnal polarization 
Ai = A2 = ±1 with decay width Tj = Tj + + and the asymmetry 
parameter aj = AFf = Tj + — . It is shown that CP invariance 
prediction a/ = — aj can be tested in these decay modes; especially 
in the time dependent decays of B® — B® complex. Apart from this, 
it is shown that decay modes B{B) — ► JVi JV2 (iVi JV2 ) and subsequent 
non leptonic decays of N2,N2 or (Ni,N{) into hyperon (antihyperon) 
also provide a frame work to study CP-odd observables in hyperon 
decays. 

1 Introduction 



The CP- violation in kaon and B>® — B® systems has been extensively studied 
[TJ. There is thus a need to study CP- violation outside these systems. In 
hyperon decays, the observables are the decay rate T, asymmetry parameter 
a, the transverse polarization (3 and longitudnal polarization 7 [2]. CP 
asymmetry predicts f = T, a = —a, (3 = —ft, where these observables 
correspond to non- leptonic hyperon decays iV — > N'tt and N — > N'tt. Thus 
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to leading order CP -odd observables are [3] 

1+1 a — a (3 — p 

'The decays of B(B) mesons to baryon-antibaryon pair N\ N 2 (N\ N 2 ) and 
subsequent decays of N 2 ,N 2 or (Ni,Ni) to a lighter hyperon (antihyperon) 
plus a meson provide a means to study CP-odd observables as for example 
in the process 

e-e + -> 5,5 -f A^ 2 -> A^vr, A\AT 2 -> A^Tr 

Apart from the above motivation, the baryon decay modes of P-mesons are 
of intrinsic intrest by themselves as we discuss below. The baryon decay 
modes of B® — B^ have also been discussed in a differnt context in [I]. 

In the rest frame of B, N\ and N 2 come out longitudnally polarized with 
polarization 

Ai = — n ■ si J = ( A 2 = — (-n • s 2 ) ) = ±1, 

mi I \ m 2 



where 



pi = p n, p 2 = - p n, si = — n 



Pi 



m 2 

s 2 = — -=-n 

E 2 



s±, s 2 are polarization vectors of Ni and A" 2 respectively (pi-si = 0, p 2 -s 2 = 0, 
sf = —1 = s 2 ) . The decay B —>■ NiN 2 (f) is described by the matrix element 

M f = F q e«* [u( Pl ) (A f + l5 B f )v(p 2 )} (2) 

where F q is a constant containing CKM factor, <p is the weak phase. The 
amplitude Af and Bf are in general complex in the sense that they incor- 
porate the final state phases 5p and 5{. Note that Af is the parity violating 
amplitude (p-wave) whereas Bf is parity conserving amplitude (s-wave). The 
CPT invariance gives the matrix elements for the decay P — > N\N 2 (f) : 

Mf = F fl e-* [«(pa)M/ + 7 5 5/Mpi)] (3) 

If the decays are described by a single matrix element Mf, then CPT and 
CP invariance give the same prediction viz 

Tf = T f , aj = -a f , J3f = -p f , 7/ = -if (4) 
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2 Decay Rate and Asymmetry Parameters: 



The decay width for the mode B — > N\N 2 (f) is given by 



m\m 2 

2 r KW? B 

F 2 
q 

2itm 2 B 



\v\\M f \ 2 

|p| [{pi ■ P2 - m x m 2 ) \ A f \ 2 + (pt ■ p 2 + mim 2 ) \B f \ 2 ] (5) 



In order to take into account the polarization of N\ and N 2 , we give the 
general expression for \Mf\ 2 



\M f f 



F 2 
q -Tr 



16mim 2 



4*? 

16mim 2 



Oi + mi)(l + 7 5 7 ■ si)(A f + 7 5J B / )(^ 2 - m 2 ) 
x(l + 757 .5 2 )(^-7 5 S;) 

|-4/| 2 (pi • P2 - mim 2 ) + |5/| 2 (pi ■ p 2 + m x m 2 ) 
-{A f B* f + B f A* f )(m 2 pi ■ s 2 + m x p 2 ■ s x ) 
-i(A f B* - B f A* f )(e^ px p' 1 l s'ip p 2 sl) 



(6|) 

+mim 2 (|v4 / | / + \B f \ z )si ■ s 2 

- + (\ A f\ 2 ~ \ B f\ 2 ) (~Pl ■ P2Sl ■ S 2 + (pi • S 2 )(p 2 • Si)) . 

It is clear that Eqs. (j3J) follows from Eqs.© and ([6]). In the rest frame of B, 
we get from Eqs.© and (jSJ) 



where 



^ 2 2E\E 2 
9 4rriim 2 



+ \al 



l + a f (f ni • Sl - gn • s 2 



-/3yn • (si x s 2 ) + 7 ; [(m • si)(n • s 2 ) - s 1 ■ s 2 ] 
_M2( n . Sl )( n . S2 ) 

(7) 



a f 



"If 



Pi-p 2 + m 1 m 2 
2E\E 2 
2S f P f cos(8 f s -5l) 



n ,P\-Pi- m 1 m 2 
B, a p = —\l A 



S 2 + P 2 

s 2 + pr as ~ 



IE 1 E 2 
2S f Pfmn(8{-5i) 



S 2 f + P 2 



S f e iS %a f p = P f e i5f " 



However in the rest frame of B, due to spin conservation 



m 1 



-n ■ Si 



m 2 



-n ■ s 2 



±1 



(8) 



(9) 



(10) 



Thus invariants multiplying (3j and 7^ vanish. Hence we have 

\M f \ 2 = (^^F^S' + P^lil + X^+af^ + Xi)} (11 

2E 1 1 

271171 



r, = r;+ + r r = ^ |pi *J [sj + Pf] = r, (12) 



AI> = f L = a f ; Af f = a f = -a f (13) 
1 / +i / 

Eqs. (Tl2]) and (JTBl follow from CP or CPT invariance. It will be of intrest to 
test these equations. 

In this paper, we confine ourself to decays B — » iViiV^-B — > N1N2) de- 
scribed by a single matrix element (Mf) i.e. to the effective Lagrangians 

£ = V cb V: q [qu] V -A[cb}v-A + h.c. (14) 
£ = K 6 y t ;[gc] v _ A [tZ6]v_ A + /i.c (15) 

where q = d or s. For the decay modes described by the above Lagrangians, 
there are no contributions from the penguin diagrams. The Lagrangian given 
in Eq. (fT4l) is relevant for the decays 

i) B° g - NiNM; B° g - iViiV 2 (/) 

5+ -> pfi, S+A(g = d); 5+ -> pA, (g = s) 

For the decay modes(i), the weak phase = and the decay matrix elements 
Mf and Mj are given by Eqs. (E]) and ([3]) . For the Lagrangian given in Eq. (115j) , 
the relevant decay modes are 

ii) - iVW 2 (/); -> iViiV 2 (7) 

B - _> N1N2 '■ nh- c , -^AH~ -7^S°S C -, £~H° (g = d) 

--^AA C -, (g = a ) 

For various decay channels (i) and (ii), we have explicitly shown the 577(3) 
factors. For the decay modes (ii), the weak phase (ft = <fi 3 /j, which arises 
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from V u b = \V u b\ e 17 . For the decay modes (ii), the matrix elements Mj- and 
M'j are given by 

M; = e-^F^u( Pl )(A' f - + lb B' f )v(p 2 )] (16) 
M'j = e^F^u(p 2 )(-A' f + l5 B' f )v( Pl )] (17) 

Hence the decay widths and CP— asymmetry parameters are given by 

2S' f PUos(5{ -St 

«, - -°>= (19) 



Now 



^(a 2 , ai )y c6 K g (20) 



-Fg = ^(^^OlKfcl^ (21) 

V2 



Define 



r = S = ^i^ = -A 2 v / ^T^forg = rf (22) 

= \/p 2 + fj 1 for g = s 

a 2 (ai) are factors which account for color supressed (without color supressed) 
matrix elements. From Eqs. (jl2p . fT20l) . we get 

2 

« A 2 £ 2 (23) 

where £ is a measure of SU(3) violation. 

Now S° 5° annihilate into baryon-antibaryon pair NiN 2 through W- 
exchange as depicted in Figs (la) and (lb). B~ — ► N\N 2 through annihilation 
diagram is shown in Fig (2). It is clear from Fig (la) and (lb), that we have 
the same final state configuration for B° B® — > NiN 2 . Thus one would expect 

S f = S f, P'f = p f 

S{ = 6{ t 6f = 6' p (24) 



Hence we have 

T' f - = T' f = r 2 T f (25) 

a'f = —a' j = atf — —dtj (26) 

r(5.°-pA7) 



r(so-pA-) 

r(£~ -> AA~) _ 2 /\ai 
r(B°-pA-) 



(P 2 + f) (27) 
|(A|)V + fl (28) 



Eq. pSjl is valid in SU(3) limit, but SU(3) breaking effects can be taken into 
account by using physical masses for proton and A hyperon in the kinematical 
factors. 

Above predictions can be tested in future experiments on baryon decay 
modes of 5-mesons. In particular a '* = otf would give direct confirmation of 
Eqs.fl2lD. 

Finally, we discuss B® pA~ decay. For this decay mode the experimen- 
tal branching ratio is (2.2 ± 0.8) x 10 _5 |5J. Using the experimental value for 
Too we obtain 

d ' 

T{B° d -> pA~) = (9.46 ± 3.44) x 10~ 15 MeV (29) 
The decay width in terms of [Sj + Pj\ is given by 



G 



2 



T f = ^f\V cb \ 2 \V ud \ 2 ai(S} + P}) 



IE1E2 
2vrm| ' P ' 



(30) 



Using \V cb \ = 41.6 x 10~ 3 , \V ud \ = 0.97378 [5J, a 2 = 0.226 and noting that 

2E 1 E 2 |p| 



2m% 



1.01 GeV 



we get 

T f = [9.09 x KT^MeV -3 ] [Sj + Pf] (31) 



Using Eq.( f29l . we get 

(3j + Pj) = (1.04 ± 0.38) x 10 10 MeV 4 (32) 

In order to express (5*| + P|) in terms of dimensionless form factors, we use 
B~ — > l~vi decay as a guide, which also occurs through a diagram similar to 
Fig 2. 
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For the decay B 
T{B~ - 

Noting that 



l-vx) 



W, 



ub 



\v ub \ 2 

2E\E 2 

2iTm 2 B 



IE \ E2 
2nm 2 B 



IpI [s 2 + p 2 ] 



|p| 2(mf + ml l )f B 



(33) 



2E X E 2 | P | 



m 



B 



we get 



r<2 



T(B ->l i/j) w — \V nb \ m B m l f B 

67T 



(34) 



Thus we see that for this decay 

S 2 + P 2 = 2(m 2 + ml i )f 2 B 

Hence we can parametrize (S 2 + P 2 ) in terms of two form factors F } 
s): 

2 



A c -p 
V 



(35) 



and F| c " p 



Pi 



/ 



<j2 
13 f 



fU m A c + m p) 



f B (™A c + m f 



m Ac - m p 
m Ac + m p 
i 2 

-lA c -p/ 



(36) 



It is easy to see that for F v — 1 and Pa = 1, it reduces to form of Eq. fl35|) . 
Using the experimental values for the masses and fs ~ 180 MeV, we get 
from Eq.([33D 

(0.175)[P^- p (m|)] 2 + [P| c - p (m|)] 2 = (3.1 ± 1.1) x 1(T 2 (37) 

The dominant contribution comes from the axial vector form factor. The 
decay B~ —>■ np would give information for nucleon form factors: 

2 



/ 



fB c ( m n + m P 



m r . 



S) = f 2 Bc (m n + m p ) 2 [F 2 A (s 



Ms) 







(38) 



The baryon decay modes of B -mesons also provide the means to explore the 
baryon form factors at high s. Finally, we note that Eq.( l36l) . give the SU(3) 
breaking factor £ = ^ in Eq. 



3 Time- Dependent Baryon Decay Modes of 

B° 

q 

Define the amplitudes 



A XlX2 {t) = 



f) - r(B° q (t) - /)]a,a 2 + t r W) - /) - r(s»(t) - /)] 



Ai A2 



E Ai a 2 [r(sj(t) 

-2 sin Amt [im e 2i(t>M (M* f M' f - 



/,/) + r(Bj(0 

M'fMj) 



I /)] 



A1A2 



^ AlA2 (t) = 



5-^Ai A2 



|M|| + 



+ 



Mf 



+ \Mf\ 

f) - m° q (t) - /)] AiA2 - [r(B»(0 - /) - r(sj(0 - /)] 



(39) 



A1A2 



E Ai a 2 [r(sj(t) - /, /) + r(B°(t) - /, /)] 



Ai A2 



cos Amt 


|M|| + 






Mf 






- 2 sin Amt [im e 2i< ^ (M;M} - M^M/)] 


Sai A 2 


~\M}\ + 


M'f 


+ 


Mf 


+ \M?\ 





(40) 



Thus 



= 2 sin Amt 



(Sj + P}) + r 2 {Sf + Pfj\ A XlX2 (t) 

sin(20 M - 7) hr(l + AiA 2 )(S/S)cos(# - S{) + P f P' f cos(5 f p - 5 f p ) 
- cos(20 M - 7) [2r(Ai + \ 2 )(S f P' f sm(5 f s - 5 f p ) + S' f -P f sm(5 f p - 5 f ~) 



(41) 
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(Sj + P]) 
+r 2 {Sf + Pf) 



cos Ami < 



(s 2 f 



Pf) 



F XlX2 (t) 



-2 sin Amt < 



cos(20 M - 7) 



+ sin(20 M - 7) 



2(l + AiA 2 ) 
+(a f + a/)(Ai + A 2 ) 
-r 2 {S'j + Pf) 

2(l + AiA 2 ) 
+(a' / + c^-)(A 1 + A 2 ) 

-2r(l + AiA 2 ) 

(S f S' f f&a(6{ - 6{) 

+P f P' f sm(6 f p -6 f p )) 

2r(Ai + A 2 ) 

{SfP<x*{6f-5f) 

+P f S' f co S (8f-5 f s ) 



These are general expressions for the time-dependent decay modes in the 
rest frame of B®. From Eqs. (141j) and (H21 . the even and odd time-dependent 
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decay amplitudes are given by 

A{t) = (A ++ (t)+A-(t)) 

2rsin Amtsin(20 M - 7) [S/SJcos^f - 5{) + P f P' f cos(8 f p - 5 f ~) 



AT{t) 



(S 2 + P 2 )+r 2 {Sf + Pf) 



(43) 



A.A(t) ee A ++ (t)-A—(t) 

-2r sin Ami cos(20 M - 7) \s f P' f sm(5 f s - 8 } p ) + S'jPj cos(5 f p - 8 J S ) 



(S 2 + P 2 )+r 2 (Sf+P 



(44) 



F ++ {t)+T-{t) 



cos Amt 



(Sj + P|) - r 2 (S} 2 + Pf) + 2r sin Amt cos(20 M - 7) 



X 


S,S)sin(<y> - 5{) + P f P' f sm(5 f p - 8 f p ) 




2 


'{S 2 + P 2 )+r 2 {Sf + Pf) 





(45) 



F ++ (t) (t) 



cos Amt 


'(SJ + P / 2 )(a / + aj) - r 2 (S; 2 + Pf){a' } + aj) 


2 


\s} + Pj)+r 2 (Sf + P?j 





2r sin Amt sin(20 M — 7) 



SfP'j cos( 



6?) + PfftaxiSl - 6{) 



P 2 )+r 2 (Sf + Pf) 



(46) 



For P°, 



= -\ 2 y/p 2 + rj 2 « -(0.02 ± 0.006) [4], M = for P s °, r = 
-VP 2 + V 2 ~ -(0.40 ± 0.13) [4], M = 0. First term of Eq.fllB]) has an 
important implication: This term is zero, if a/ = —a/; a* = — a? as implied 
by CP-conservation. The finite value of this term would imply CP violation 
in baryon decay. The above equations are simplified if we assume the validity 
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of Eq. f)24p . In that case we have 



= 2rsinAmtsin(20 A/ -7) 
1 + r 2 

A.A(t) = (48) 
1 -r 2 

= __ cos Ami (49) 
1 -r 2 

A-F(t) = 2(l + r 2 ) (a/ + Q/) cosAmt 

4r sin Amt sin(20 A/ — j)SfPf , . 

(l + r 2 )(S 2 + P 2 ) (50) 

Eq. (f4Tl) gives a means to determine the weak phase 2/5 + 7 or 7 in t ne baryon 
decay modes of and 5° respectively. Non-zero cosAmt term in AjF(t) 
would give clear indication of CP violation especially for baryon decay modes 
of B®, for which r 2 < 1, so that |r^2 ~ 1- Assuming CP— invariance, we get 
from Eqs.gT]) and ([50]) 

-2S fPf = ( S J + P|)^|> 

= {(1.04 ± 0.38) x 10 10 MeV 4 ]^^ (51) 

A.[t) 

The S/P/ can be determined from the experimental value of ^r[r i n future 
experiments. 

The baryon decay modes of P-mesons not only provide a means to test 
prediction of CP asymmetry viz aif + «/ = for charmed baryons (discussed 
above) but also to test the CP-asymmetry in hyperon (antihyperon) decays 
viz absence of CP-odd observables AT, Aa, Aj3 discussed in [3]. Consider 
for example the decays 

P° — > pA~ — > ppK° (pAn~ — > ppir + n~), 

B® — > pA^ — > ppK° (pAn + — > ppbn^7Y + ) 

By analyzing the fianl state ppK°,ppK°, one may test cxf = —dtj for the 
charmed hyperon. We note that for A+, cr = 59.9/im, whereas cr = 7.8cm 
for A— hyperon [4], so that the decays of A+ and A would not interfere with 
each other. By analysing the final state pp7r~7r + and pprr + 7T^, one may 
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check CP-violation for hyperon decays. One may also note that for (B®, P°) 
complex, the competing channels viz B® — > pA+, B^ — > pA~ are doubly 
Cabibbo supressed by r 2 = A (p 2 + if) unlike (B® — PJ?) complex where the 
competing channels are supressed by a factor of (p 2 + f] 2 )- Hence B®( B®) 
decays are more suitable for this type of analysis. Other decays of intrest are 

B~ — > AA~ — > AAtT~ — > p7T~p7T + 7T~ 

B + -> AA+ -> AAtt + -> pn + piT~iT + 
B~ — > pA — > pp7t~ 
P+ — > pA — > ppir + 

The non-leptonic hyperon (antihyperon) decays N — > N'tt(N — > N'tt) are 
related to each other by CPT 

a t (I) = (f° ut \H w \N) = Vf e 2 ^(f° ut \H w \N) 

Hence 

a t (I) = r] f e 2l5l(I) ^(I) = (-1)<+V 5 <« e -^ | a/ | 

where we selected the phase = (— Here / is the isospin of the final 
state and <fi is the weak phase. Thus necessary condition for non-zero CP odd 
observables is that the weak phase for each partial wave amplitude should 
be different [see ref [3] for details; for a review see first ref in [I]]. 
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Figure Captions 

Figure la: VF-exchange diagram for — > NiN 2 (Mf) 
Figurelb: VF-exchange diagram for B® — > A^iiV 2 (Mf) 
Figure2: Annihilation diagram for B~ — > NiN 2 



13 



This figure "Figurla.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/0709.3364vl 



This figure "Figurelb.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/0709.3364vl 



This figure "Figure2.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/0709.3364vl 



